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In t roduct ion  

The advantages of burning coal i n  f l u i d i s e d  bed combustors (FBC) have been 
repeatedly demonstrated over the p a s t  few years  and commercial u n i t s  a r e  now 
being b u i l t  and supplied t o  indus t ry  (1 ) .  
the p r a c t i c a l  experience gained from p i l o t  p l an t  s tud ie s  and a l s o  on the  predic- 
t i ons  of mathematical models. 
i s  the  r a t e  a t  which p a r t i c l e s  burn i n  the  bed which determines the  carbon 
loading and hence po l lu t an t  emission% hea t  r e l e a s e  r a t e s ,  coa l  feed r a t e s  and 
e l u t r i a t i o n  r a t e s  ( 2 ) .  P a r t i c l e  s i z e  and temperature usua l ly  ind ica t e  the  
con t ro l l i ng  mechanism of combustion; l a r g e  p a r t i c l e s  and high temperature suggest 
t h a t  d i f fus ion  i s  dominant whereas chemical k i n e t i c s  became important f o r  small  
p a r t i c l e s  and low temperatures ( 3 ) .  In a typ ica l  FBC t h e  p a r t i c l e  s i z e s  range 
from t h a t  of the maximum of the  inpu t  feed down t o  t h a t  of p a r t i c l e s  which a re  
about to  be e l u t r i a t e d  and p a r t i c l e  temperatures can have a va lue  anywhere 
between the  bed temperature Tb and T b assume the re fo re ,  t h a t  the combustion of p a r t i c l e s  can be con t ro l l ed  by a 
combination of d i f f u s i o n a l  and chemical processes a c t i n g  simultaneously.  Indeed, 
the  da ta  of Avedesian and Davidson ( 7 ) ,  where the  combustion of char p a r t i c l e s  
i n  a batch fed f l u i d i s e d  bed was assumed t o  be d i f f u s i o n  con t ro l l ed ,  has 
r ecen t ly  (6 )  been shown t o  be cons i s t en t  with the  a l t e r n a t i v e  s i t u a t i o n  descr ibed  
above where both processes a r e  ac t ing  toge ther .  The e f f e c t  on the  carbon loading 
i n  an FBC where the  combustion i s  e i t h e r  cont ro l led  by d i f fus ion  o r  by a 
combination process has been inves t iga t ed  by Garbe t t  and Hedley (8) who a l s o  
showed the  importance of p a r t i c l e  sur face  temperatures.  The p a r t i c l e  s i z e  
d i s t r i b u t i o n  of the  coa l  feed i s  a parameter which i s  important i n  the  des ign  
of FBC's bu t  whose inf luence  on the  combustion r a t e s  i n  t h e  bed has not  been 
s tudied .  I t  is the purpose of t h i s  paper t he re fo re ,  t o  develop a theory to 
p red ic t  the burnaway, burnout time and p a r t i c u l a t e  phase oxygen concentra- 
t i on  i n  a batch fed FBC and show t h e i r  dependence on the  input  p a r t i c l e  s i z e  
d i s t r i b u t i o n  which i s  accu ra t e ly  known. 

The design of such F B C ' s  is based on 

Central  t o  any model of coa l  combustion i n  FBC's 

+ 200K ( 4 , 5 , 6 ) .  I t  i s  no t  unreasonable t o  

The Model 

The model of t he  ba tch  fed FBC employed here i s  e s s e n t i a l l y  the two-phase 
bubbling bed model of Avedesian and Davidson ( 7 )  where a bed of i n e r t  p a r t i c l e s  
a t  a temperature Tb i s  f l u i d i s e d  by a i r  a t  a s u p e r f i c i a l  v e l o c i t y  U 
minimum f l u i d i s e d  v e l o c i t y  U . 
cont ro l led  by a combination d i f fus ion  and chemical k i n e t i c s ,  i s  t r ans fe r r ed  
t o  the  char p a r t i c l e s  i n  the  p a r t i c u l a t e  phase from the  bubbles and the  r eac t ion  
i s  given by C + O2 The batch i s  assumed t o  comprise s o l e l y  of char 
p a r t i c l e s  so t h a t  devo la&l i sa t ion  i s  negl,?cted. I t  i s  a l s o  assumed t h a t  
the p a r t i c l e s  do no t  swel l  o r  break up when introduced t o  the bed and so r e t a i n  
t h e i r  o r i g i n a l  s i z e  d i s t r i b u t i o n .  

and a 
The oxygen requi red  f o r  combustionOwhich is 

-+ CO . 

The Theory 

The r eac t ion  r a t e  of a s ing le  p a r t i c l e  of char of mass m i n  a f lu id i sed  bed 
where both d i f fus iona l  and chemical k i n e t i c s  a r e  considered Eimultaneously, can 
be expressed i n  terms of d i f f u s i o n a l  and chemical r e s i s t a n c e s  a s  follows ( 3 ) .  
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K KD C 

Kc + KD 
R =  

where % = -k x 1 
Kc = -k2x 2 

(See equat ions  28) and 31) f o r  va lues  of k l  and k2) )  C 
concent ra t ion  (moles/m3) i n  t h e  p a r t i c u l a t e  phase of t ge  bed and i s  a func t ion  
of t i m e .  

i s  the  oxygen 

The r a t e  of consumption of carbon a t  the  p a r t i c l e  su r face  i s  the re fo re  given 
by 

3 -k k X -  Mo C 5 = 1 2 p  
2 

d t  k x  + k x  
I P  2 P  

leading  t o  

dx -2M C 
p = O P  
d t  TP 

4 )  

5) 

where x i s  the diameter of a p a r t i c l e  of mass m and M i s  the  molecular weight 
of oxyggn. P 

k l a n d f  = - 1 
For convenience l e t  F(C) = 2M C , e = - 

op 2 kl 
TP 

I f  a f t e r  a time t a p a r t i c l e  whose o r i g i n a l  diameter was x b u m s  t o  g ive  
a diameter x t ,  then t 

6 )  t f  

L e t  the o r i g i n a l  s i z e  d i s t r i b u t i o n  o f  a batch of carbon de l ivered  t o  the  
f l u i d i s e d  bed be given by an equat ion  of the  form. 

w. = e(x) 7 )  

where W .  i s  the  i n i t i a l  weight of t he  ba t ch  which c o n s i s t s  of p a r t i c l e s  whose 
diamete? i s  g r e a t e r  than o r  equal  t o  X. 
t he  range x1<x<x2 
e(x,) = 1 and e(x2) = 0 a r e  s a t i s f i e d .  

It w i l l  be assumed t h a t  x must l i e  i n  
such t h a t  whatever t h e  form of the  func t ion  8 the  condi t ions  

The i n i t i a l  mass of t he  ba tch  which has  p a r t i c l e s  whose diameters l i e  between 
x and x +dx is t he re fo re ,  m. dW., where mi i s  the  mass of t he  o r i g i n a l  batch.  
Af te r  a time t the  mass w i l l  rehuce t o  mi dWi x:/x3. 

Therefore the  mass of carbon i n  the  bed a f t e r  a t i m e  t i s  

where $(x) dx = -dWi and the  lower l i m i t s  of t he  i n t e g r a l  a r e  chosen t o  i n d i c a t e  
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a l l  t he  i n i t i a l  va lues  of x f o r  which x t  > 0. 
def ined  s o  t h a t  a l l  p a r t i c l e s  with an i n i t i a l  diameter x < yo would have b u z e d  
away completely a f t e r  a time t ,  then the  mass f r a c t i o n  of  carbon i n  the  bed a t  
t h i s  time t i s  

Suppose an i n i t i a l  diameter y i s  

x=x, 
m 

m. - = ' $ $(x)dx 
X x= z 

where z = x1 i f  yO&xl 

and z = y i f  yo>xl 

By s u b s t i t u t i n g  y i n  equation 6 )  we have 

t 

f 2  F(C)dt = eyo + - y i 2 0  

0 

Combining equations 6 ) ,  8) and 10) g ives  

x= z .J 
X 

Burnout time 

To de r ive  an express ion  f o r  t he  burn-out time we need t o  i n v e s t i g a t e  
dm/dt o r  d(m/mi)/dt. From an oxygen balance on the  bed (7)  we have 

3 where C i s  the  i n l e t  oxygen concent ra t ion  (mole/m ) .  

dm/dt Therefore C = Co + - 
P F(Uo) 

where F(Uo) = 12A[Uo -(Uo-Umf) (exp(-B)) 3 

It can the re fo re  be  shown tha t  

Also, from equat ion  13) 
r 1 

dm/dyo can be found us ing  the  mathematical i d e n t i t y ,  
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Applying t h i s  t o  equat ion  11) g ives  

where 

Subs t i t u t ing  dm/dy from equation 17) i n t o  equat ion  14) 

re-arranging and i n t e g r a t i n g  the  r e s u l t  gives 

t m m 

2 
I t  can be shown t h a t  equation 19) reduces t o  

m .  (l-mlmi) ITP yo np Yo 
t =  I. + - + -  

F(Uo)Co 1 2  8Cokl 64Cok2 

T h e  form of the  i n i t i a l  s i z e  d i s t r i b u t i o n  

Assume t h a t  the o r i g i n a l  carbon sample before  any s i ev ing  i n t o  l imi ted  s i z e  
range f r a c t i o n s ,  can be descr ibed  by a Rosin-Rammler d i s t r i b u t i o n  

W = exp (-bxn) 21) 

where b and n a r e  cons tan ts .  
l imi ted  s i z e  f r a c t i o n s  and only p a r t i c l e s  with diameters i n  the  range 
x <x<x2 are  r e t a ined  then the weight f r a c t i o n  W .  of the sieved ma te r i a l  i s  (9) 

If the  o r i g i n a l  ma te r i a l  i s  then sieved i n t o  

1 

exp(-bxn) - exp(-bx n, 

exp(-bxln) -exp(-bx 2 ") 

2 w. = 

Therefore 

bnxn-' exp ( -bxn) 

exe(-bxln) -exp(-bx2") 
Jl(x) = 

and the  i n i t i a l  weighted mean p a r t i c l e  s i z e  x. i s  (9)  
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\ - + 1) x. = 
1 

bL/n 

Y O  

2 2 )  we ge t  X .  X .  
Defining dimensionless parameters X = 3 and Y = then from equation 

n a 3 - l  exp (-ax") 

exp(-aXln) -exp(-aXZn) 
JI(Xi'X) = 

where a = [ (+ +1d 

Subs t i t u t ion  of @(x. ,x)  from equation 24)  i n t o  equat ion  11) and making o ther  
appropr ia te  terms dimensionless g ives  

where 

F (x X,Y) = 2 i' 

N = exp(-aXln) - exp(-ax n, and Z = 2 
X. 

2 

The lower l i m i t  of i n t e g r a t i o n  i n  equation 25) i s  given by 

1 Z = X  i f Y , c X  

2 = Y  i f Y > X 1  

1 
and 

S imi l a r ly  equation 20) f o r  the burn-out time, becomes 

mi ( l - m h i )  w ( x i  - 2 2  Y ) sp(Xiy) 

+ 128Cokl +- F(Uo)Co 64C0 k2 
t =  

and equation 15), the  p a r t i c u l a t e  phase oxygen concent ra t ion ,  becomes 

2 7) 

1 
P F(Uo) np 

x2 - 

i 
192klmi fF3(xi ,X,Y) d 

2 

= c o [  I -  

where 
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I Numerical C a l  cu 1 a t i  on s 
I 

The d i f f u s i o n  cons tan t  kl from equation 2) can be expressed as follows (7 )  

k l  = 2nkD 2 8) E 

where k i s  a cons tan t  r e l a t i n g  the mass of carbon consumed t o  the  mass of O2 
t ranspor ted  t o  the p a r t i c l e  sur face .  It i s  assumed here t h a t  t he  carbon- 
oxygen r e a c t i o n  can be represented  by C + O2 -f co2 so  t h a t  k = 12/32 

% is  the e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  and can be represented  by ( 7 )  

where Sh i s  the l o c a l  p a r t i c l e  Sherwood Number and Dc i s  the  d i f fus ion  
c o e f f i c i e n t  ca l cu la t ed  from ( 3 )  

(Pi) 
1.75 

DG = D. - 

The chemical cons tan t  k,, can be represented  by (10,ll) 

k 2  = k’ Tbf exp(- E / R  T ) 
g P  

The above d a t a  i s  summarised i n  Table 1. The bed d a t a  used i n  the  
ca l cu la t ions  a r e  t h a t  of Avedesian and Davidson ( 7 ) .  

Table 1 

Data used i n  ca l cu la t ions  

Symbol Value 

k 

T. 

D. 

Tb 

T 
P 

k’ 

Sh 

E 

PIPi 

0 . 3 7 5  

1000 K 

1.61 

1173 K 

1173 K 

1034 

1 .8  

15 K cal/mole K 

1 

Reference 

The t h r e e  d i s t r i b u t i o n s  used i n  the c a l c u l a t i o n s  a r e  summarised i n  Table 2 .  
I n  a l l  t he  r e s u l t s  presented here t h e  top and bottom s i z e  of each d i s t r i b u t i o n  

were cons t an t  a t  3 and 0.3mm r e spec t ive ly .  
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$ 
m. 
1 

1.5 

0.1813 

0.9033 

0 . 3 m  

3mm 

5gm 

Table 2 

P a r t i c l e  s i z e  d a t a  

4 

0.1813m 

0.9064 

0 . 3 m  

3m 

5gm 

b=11.12 b=625 

4 

0.0906m 

0.9064 

0 .3m 

3mm 

5 gm 

Resul t s  and Discussion 

Evaluation of m/mi- 

To demonstrate the  type of r e s u l t s  t o  be expected from the  theory 
equation 25) was numerically in t eg ra t ed  t o  give va lues  of m/m. f o r  increas ing  
va lues  of Y us ing  the  va lues  of kl and k2 ind ica ted  i n  Table and the  
d i s t r i b u t i o n s  i n  Table 2 .  
d i f f u s i o n a l  and chemical cases  were ca l cu la t ed  us ing  a method s imi l a r  t o  t h a t  
described by Leesley and S i d d a l l  (9) f o r  pu lver i sed  f u e l .  Figures 1, 2 and 
3 show the v a r i a t i o n  of m / m i ,  the  unburnt f r a c t i o n  of carbon remaining, with 
the dimensionless p a r t i c l e  diameter Y f o r  the  th ree  o r i g i n a l  d i s t r i b u t i o n s .  
I n  every case the combined curve mC+D/m; f a l l s  i n s i d e  t h e  envelope of t he  two 
extreme condi t ions  of pure d i f f u s i o n a l  (mD/mi) and of pure chemical (mc/m;). 
The curves represented  i n  these f i g u r e s  (1 ,2 ,  and 3) a r e  no t  burnaway r a t e s  
bu t  i nd ica t e  the  changing p a r t i c l e  s i z e  d i s t r i b u t i o n  a s  the  ba tch  disappears.  
For example, i n  f i g u r e  I, when 50% of the  ba tch  has burn t  away ( i . e .  m / m i  = 0.5) 
the  combined case r equ i r e s  tha t  a l l  p a r t i c l e s  of a s i z e  below 18% of t h e  
maximum p a r t i c l e  s i z e  i n  the  o r i g i n a l  ba tch  must have disappeared. 
va lues  f o r  t he  pure d i f f u s i o n  case and pure chemical ca se  a r e  34% and 12% respec t -  
ive ly .  Thus f o r  a given carbon loading the carbon p a r t i c l e  s i z e  d i s t r i b u t i o n  
i n  the  bed w i l l  be d i f f e r e n t  f o r  d i f f e r e n t  combustion mechanisms and t h i s  w i l l  
obviously inf luence  important phenomena such as  e l u t r i a t i o n ,  and NO reduct ion  
by char .  To cambine Figures 1 t o  3 f o r  comparison purposes the da t a  have been 
represented i n  Figure 4 as a r a t i o  of unburnt f r a c t i o n  f o r  the  combined case (m 
t o  t h a t  f o r  t he  d i f f u s i o n  case (%) as a func t ion  of t h e  p a r t i c l e  diameter 
Y .  I t  is c l e a r l y  seen t h a t  as the  o r i g i n a l  s i z e  d i s t r i b u t i o n  moves from a wide 
one (n=1.5, b=11.12) t o  a f i n e  one (n=4.0, b=10,000) the  d i f f e rence  between 
mC+D and % i nc reases  

Evaluation of t 

For comparison the  va lues  of m/m; f o r  the pure 

Corresponding 

C+D) 

The burnawayra tesof  t h e  batch f o r  each o r i g i n a l  s i z e  d i s t r i b u t i o n  and f o r  a 
combustion mechanism where both d i f f s u i o n  and chemical k i n e t i c s  a r e  ac t ing  
simoultaneouslywere ca l cu la t ed  from equation 26) and a r e  shown i n  Figure 5. 
burnaway r a t e  i s  higher f o r  the d i s t r i b u t i o n  represented  by n=4.0, b=10,000 
than f o r  the o t h e r  two d i s t r i b u t i o n s  as would be expected. What i s  not  ev ident  

The 
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from Figure 5,  due t o  the  s c a l e ,  i s  t h a t  the t i m e  f o r  t o t a l  burnaway i s  the  same 
f o r  each d i s t r i b u t i o n  s ince  they a l l  have the same maximum p a r t i c l e  s i z e  of 3 m .  

Evaluation of C 
P 

concent ra t ion  C f o r  the  three  d i s t r i b u t i o n s .  The r e s u l t s  a r e  shown i n  
Figure 6 .  An i g t e r e s t i n g  f e a t u r e  of these  r e s u l t s  i s  the  va lue  of Cp a t  t=o. 
According to Avedesian and Davidson 1 7 )  the  va lue  of 5 should be almost zero 
f o r  the  batch fed  system bu t  i t  i s  c l e a r  from Figure 6 t h a t  t h i s  i s  n o t  t h e  case.  

Equation 27) was numer ica t ly  in t eg ra t ed  t o  g ive  the  p a r t i c u l a t e  oxygen 

Equations 25), 26) and 27) a r e  v a l i d  only f o r  cons tan t  temperature and 
pressure .  
temperature Tp can vary during burnaway and can be apprec iab ly  higher than 
the  bed temperature ( 4 , 5 , 6 ) .  
the  value of k2 r e l a t i v e  t o  k l  and the  con t ro l l i ng  mechanism would tend 
towards t h a t  of d i f fus ion .  Inc reas ing  the  pressure  of the  system would only 
have a s i g n i f i c a n t  e f f e c t  i f  t he  combustion r a t e  was i n i t i a l l y  dominated by 
chemical k i n e t i c s .  

These condi t ions  a r e  u s u a l l y  met i n  F B C ' s  except t h a t  t he  p a r t i c l e  

The e f f e c t  of i nc reas ing  Tp would be t o  increase  

Conclusions 

A t h e o r e t i c a l  model has been developed which p red ic t s  the change i n  s i z e  
d i s t r i b u t i o n  dur ing  burnaway, burn-out times and p a r t i c u l a t e  phase oxygen 
concent ra t ions  a s  a func t ion  of o r i g i n a l  p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  a batch 
fed  f l u i d i s e d  bed. 
batch fed experiment could be devised  t o  determine the  r o l e  of chemical k i n e t i c s  
f o r  a given type of coa l  and would thus  be an a id  t o  modelling of f l u i d i s e d  bed 
combus t i on .  
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Nomenclature 

Constant def ined  by equat ion  24) 

Area of f l u i d i s e d  bed (m2) 

Rosin-Rammler cons tan t  - equat ion  21) 

Oxygen exchange parameter - equation 1 2 )  

Oxygen concent ra t ion  of f l u i d i s i n g  a i r  (mole/m 3 ) 

3 P a r t i c u l a t e  phase oxygen concent ra t ion  (mole/rn ) 

Gas d i f f u s i o n  c o e f f i c i e n t  (m2/s) 

cons tan t  (= l / k2 )  

cons tan t  (=  l / k l )  

Defined by equat ion  12) 

Function of Oxygen concent ra t ion  (= 2M C / ~ p )  
O P  
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k l  

k2 

K C  

KD 

k'  

m 

m .  

m 

N 

P 

R 

R 

t 

T 

Tb 

T. 

T 

P 

g 

P 

'mf 

' 0  

W 

X 

- 
X. 
1 

X 
P 

Xt  

X 

YO 

Y 

Z 

Z 

Constant defined by equation 2) 

Constant defined by equation 3) 

Constant defined by equation 31) 

Chemical r a t e  cons tan t  

Di f fus iona l  r a t e  cons tan t  

Mass of char i n  bed a t  time t (kg) 

I n i t i a l  mass of batch (kg) 

Mass of s i n g l e  char p a r t i c l e  (kg)  

Function of p a r t i c l e  s i z e  - equation 25) 

Pressure  (a Em) 

Reaction r a t e  of s i n g l e  p a r t i c l e  ( k g / s )  

Gas cons tan t  

Burnaway time ( S )  

Temper a t  ure (0 

Bed temperature (0 

Reference temperature - equation 30)  (K) 

P a r t i c l e  sur face  temperature (K) 

Minimum f l u i d i s i n g  v e l o c i t y  ( 4 s )  

S u p e r f i c i a l  f l u i d i s i n g  ve loc i ty  (m/s) 

Weight f r a c t i o n  of coa l  (kg) 

P a r t i c l e  diameter (mm) 

I n i t i a l  weighted mean p a r t i c l e  s i z e  (mm) 

P a r t i c l e  diameter (mm) 

P a r t i c l e  diameter (m) 

Dimensionless p a r t i c l e  diameter (= x/xi) 

P a r t i c l e  diameter (mm) 

Dimensionless p a r t i c l e  diameter (= yo/;;) 

P a r t i c l e  diameter (lower l i m i t  o f  i n t eg ra t ion )  mm 

Dimensionless p a r t i c l e  diameter (=  z/xi) 

J 
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Greek Symbols 

P Char dens i ty  

e 

J, 

r Gamma func t ion  

S ize  d i s t r i b u t i o n  f u n c t i o n  equat ion 7) 

S ize  d i s t r i b u t i o n  func t ion  equat ion 8) 
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BURNAWAY TIME (5) 
F i g .  5. ( t a p ) .  B u r n d w y  riife of the b;ifcli f o r  the 

rhree distributions. 
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